ABSTRACT PURPOSE: Multiple Endocrine Neoplasia type 2A (MEN2A) is a complex autosomal dominant inherited syndrome characterized by medullary thyroid carcinoma (MTC), pheochromocytoma and primary parathyroid hyperplasia. In patients with only one or two clinical features, identification of a germ line RET (REarranged in Transfection) mutation is required to make the diagnosis and initiate genetic counseling. METHODS: We analyzed blood DNA from three Iranian families with three generations of MEN2A including 20 affected individuals with MTC and four with pheochromocytoma. RET hotspots were amplified in probands and sequenced for mutation detection. RESULT: The causative mutation in all families was found to be the Cys634Tyr missense substitution. The presence of a functional SNP resulting in Gly691Ser was also detected in exon 11 of 15 affected cases. Four patients showed both of these RET variations. CONCLUSION: Our study shows that the Cys634Tyr missense substitution and the Gly691Ser polymorphism are recurrent in Iranian patients, since our families are unrelated. All asymptomatic carriers of the Cys634Tyr high-risk activating mutation were referred for prophylactic thyroidectomy.
INTRODUCTION
The human RET proto-oncogene maps to 10q11.2 and encodes a tyrosine kinase transmembrane receptor. 1 The RET protein has three domains including an N-terminal extracellular domain that is a ligand for the GDNF neurotropic molecule, a hydrophobic transmembrane domain, and an intercellular tyrosine kinase domain. 2 The binding of the GDNF family ligand to RET triggers homo-dimerization of RET and a transformational change in the RET intra-cytoplasmic domain. 3 Germline mutations of the RET proto-oncogene cause the dominant inheritance of multiple endocrine neoplasia type 2A (MEN2A), MEN2B, and familial medullary thyroid carcinoma syndromes. Classical MEN2A is the most common MEN2A variant and in 95% of patients RET germline mutations occur in codons 609, 611, 618, or 620 of exon 10, or in codon 634 of exon 11. Virtually all patients with classical MEN2A present with medullary thyroid carcinoma (MTC) while fewer develop pheochromocytoma (PHEO) and primary parathyroid hyperplasia, the frequency of each depending on the specific RET mutation. 4 According to the categorization of the American Thyroid Association, the ATA-HST "highest risk" includes patients with MEN2B and the RET codon M918T mutation, the ATA-H "high" category includes patients with RET codon C634 mutations, and the ATA-MOD "moderate risk" category includes patients with RET codon mutations other than M918T and C634. 5 Among all thyroid tumors, MTC has a frequency of 5-10% and only 25% of these cases are categorized as familial type. Since thyroid tumors represent only 1% of all human cancer types, the incidence of MEN2 syndromes is estimated to be very low with approximately 500 to 1.000 MEN2 families existing worldwide. 6 Owing to the rarity of the MEN2 syndromes, the prevalence of different RET mutations in distinct geographic areas is not well defined. [7] [8] [9] As a rule, the clinical presentation of MEN2 syndromes will be more variable when the transforming activity of RET mutation is low. 2, 10, 11 Genetic analysis of the RET proto-oncogene can be performed in those families affected by MEN2A and MEN2B, in cases of sporadic MTC or HSCR, and allows exact molecular diagnosis of the disease. 12 To the best of our knowledge, this study is the first report of genetic screening of families of the Eastern region of Iran for identification of MEN2A families. We checked all mutation hotspots of the RET proto-oncogene in exons 11, 10, 13, and 8 by direct sequencing to produce reliable results.
METHODS

Family Selection and Ethics Statement
Three unrelated families who were affected by MEN2A (all from the Khorasan province, Iran) were included in this study after biochemical assays and clinical diagnosis by two endocrine specialists from the Endocrinology Research Center of Mashhad University of Medical Sciences (MUMS). The inclusion criteria for MEN2A phenotype was in line with the guidelines of the American Thyroid Association guidelines on MTC management. 13 All the patients signed an informed consent to genetic analysis approved by the MUMS ethics committee according to the Declaration of Helsinki (1964) . In cases of non-availability of patients, the required information was requested from at least two adult family members and hospital records were checked when available. Parents were asked to sign consents for children under the age of 15 years. Clinical features were evaluated over an average of 5 years of follow-up.
Amplification of RET hotspots
Genomic DNA was prepared from peripheral blood leukocytes by standard procedures. DNA samples were amplified from RET exons 8, 10, 11, and 13 by polymerase chain reaction (PCR) using a thermal cycler and specific primers. Nucleotide sequences of the primers were as follows: exon 8, 5′ TTGGGCACTAGCTG-GACG 3′ and 5′ ACCTTCCCAAGTCCAGAGT 3′; exon 10, 5′ AGGCTGAGTGGGCTACGTCTG 3′ and 5′ GTTGAGACCTCTGTGGGGCT 3′; exon 11, 5′ ATGAGGCAGAGCATACGCAGCC 3′ and 5′ CTTGAAGGCATCCACGGAGACC 3′; exon 13, 5′ AACTTGGGCAAGGCGATGCA 3′ and 5′AGAA-CAGGGCTGTATGGAGC 3′.
14 The PCR for the sequencing was performed in a volume of 50 µl containing 0.5 µM of each oligonucleotide primer, 50 ng of DNA, 1× PCR buffer, 250 µM dNTP, and 2.5 U of Taq polymerase using an automated thermal cycler (Techne, Flexigene, UK). The PCR was started with 5 minutes of pre-denaturation at 95°C, followed by 35 cycles of 40 seconds at 95°C, 30 seconds at 62°C, 55°C, 56°C, and 64°C for exons 8, 10, 11, and 13, respectively, then 40 seconds at 72°C; lastly, the procedure was completed with 10 minutes at 72°C for the final extension. Following PCR, the amplicon sizes were analyzed in 2% agarose gel and the products analyzed in 3% agarose gel stained with green viewer for RET gene fragments, respectively.
RESULTS
Among 20 patients belonging to three families with three generations of MEN2A, four (20 %) presented with PHEO. There were 11 females and 9 males with a mean age of 31 years. The diagnosis of PHEO was made after medullary thyroid carcinoma (n=3, 75%) and before MTC (n=1, 25 %). The family pedigrees are shown in Figures 1, 2 , and 3.
Blood samples of 42 family members were collected and DNA extracted for genetic analysis. RET hotspots including exon 8, 10, 11, and 13 were amplified in 3 index cases (A-III1, B-III6 and C-III2) and were visualized by green viewer staining. The PCR products were subjected to direct cycle sequencing and restriction enzyme analysis. The sequencing results were aligned to the RET reference sequence with Sequencher version 5.1 software.
Restriction fragment length polymorphism
The RFLP analyses of the RET cys634Tyr mutation was performed using RsaI restriction enzymes (Jena Bioscience, Germany) for genotyping of family members. Briefly, the restriction digestion was carried out at 37°C for 2 hours. Each reaction mixture contained 8 µl of the 333 base pair PCR product, 0.1 µl of RsaI (1 U), 2 µl of enzyme buffer, and 9.9 µl of distilled water to make a final volume of 20 µl for mutation identification. The digestion products were products were analyzed in 2% agarose gel stained with green viewer. DNA sequence analysis for 4 exons of the RET gene revealed a transversion of TGC-to-TAC at codon 634 of exon 11 resulting in cysteine to tyrosine amino acid change. Additionally, we detected a Gly691Ser polymorphism in exon 11 of all the probands.
We then studied exon 11 in the family members using both RFLP and direct sequencing. RFLP was designed for Cys634Tyr mutation detection using RsaI endonuclease. RsaI cut the wild sequence to 308 and 25 base pairs where it cut the mutated sequence into two locations and made three bands of 230, 77, and 25 base pairs. Results from 3% agarose gel are shown in Figure 4 .
The sequencing of exon 11 in the probands and the family members who showed a mutation confirmed the result obtained from the RFLP test. According to the sequencing result, in family A, cases A-IV6 and A-V2 were asymptotic Cys634Tyr mutation carriers who were unaware of their condition. Genetic counseling was given to these cases. Case IV-A6 showed only a palpable thyroid. We found Gly691Ser polymorphisms in cases A-III1, A-III7, A-III9, A-IV1, A-IV11, A-IV13, A-IV18, and A-V1. Mild goiter and hypertension is clinical features of cases A-IV1, A-IV11, and A-IV18, while cases A-IV13 and A-V1 showed only a palpable thyroid. The proband of family A is a 53 year-old woman who has both a Cys634Tyr mutation and the Gly691Ser polymorphism in exon 11. She presented MTC at the age of 24 and PHEO at the age of 35. In family B, case number B-IV4 is a 6 month-old asymptomatic son carrying the Cys634Tyr mutation. The other two children of the B-III6 index case including B-IV1 and B-IV2 are carriers of the Gly691Ser polymorphism. The proband is a 33 year-old woman who presented with PHEO one year before MTC at the age of 29. In family C, three carriers of the Cys634Tyr mutation including two asymptomatic cases (C-III7 and C-IV1) were found. Case number C-III7 exhibited hypertension and mild goiter. The Gly691Ser polymorphism was detected in cases C-III1, C-III2, C-III7, and C-III9. Both C-III2 and C-III7 cases showed co-presentation of Cys634Tyr and Gly691Ser substitutions. One known silent mutation (rs1800861) was also detected in exon 13 of the members of families A and C. Among a total of 42 genetically analyzed cases, 13 showed the Cys634Tyr high-risk activating mutation, 15 showed the Gly691Ser polymorphism, and four cases showed both of them. Five asymptomatic Cys634Tyr mutation carriers including A-IV6, A-V2, B-IV4, C-III7, and C-IV1 were referred for prophylactic thyroidectomy. All the sequencing results in the three index cases and five mutation carriers were repeated by reverse primer reading.
DISCUSSION
Mutations in the RET proto-oncogene have been implicated in the malignant transformation of parafollicular cells (C cells) of the thyroid that originate from the neural crest during embryogenesis. 15 Germline mutations in RET cause Hirschsprung disease, which is a congenital defect of the enteric nervous system in the hindgut, and MEN2. Mutations converting the RET proto-oncogene into a dominant transforming gene is responsible for tumor components of MEN2A. 16 Allelic imbalance through a tandem duplication and the resulting amplification of mutated RET has been proposed as a possible mechanism of tumor initiation in some patients with MEN2A-related MTC and pheochromocytoma. [17] [18] [19] In most cases of MEN2A, thyroid carcinoma is the first clinical feature, which makes it difficult to diagnose between familial MTC cases and MEN2A without genetic testing. An Iranian MEN2A family first studied by Dr. Moosavi et al in 1992 displayed only MTC in 15 affected family members for many years. 20 The most prevalent germline mutation encountered in patients with MEN2A is within codon 634 in the Cysteine-rich domain. Cases with the Cys634Arg mutation show more frequent and early metastases when compared to cases with Cys634Tyr. [21] [22] [23] Mutations in codon 634 have a higher potency of cell neoplastic transformation than those in codons 609 and 611. This finding may be due to modulations in expression of mature RET-encoded protein receptors in the cell membrane. 24, 25 Thus, most patients with MEN2 who harbor RET 634 mutations will have adrenal and parathyroid tumors in addition to thyroid tumors, whereas patients with 609 or 611 mutations will present only with thyroid cancer. 26 Codon-specific RET mutations may also have roles in tissue-specific sensitivity. Therefore, there is a high sensitivity in thyroid tissue, intermediate in the adrenals, and low in parathyroid glands. 27 RET polymorphisms and haplotypes are believed to be genetic modifiers and might be associated with an increased relative risk for the development of disorders. The role of the RET variant allele G691S in MTC has been controversial. The G691S missense polymorphism might alter the function of the protein through creation of a new phosphorylation site affecting downstream signaling or changing the secondary structure of RET. It may be possible that the G691S variant has a role in disruption of topological chromatin domains if it presents a gene-enhancer activity. 28 A recent metaanalysis concluded that the G691S increases the risk of several cancer types, including MTC, via a recessive mechanism of action. 29 Some evidence shows that the RET variant G691S is a disease modifier in sporadic MTC. 30 It has been suggested that the age of onset of MEN2A can be modified by RET G691S and S904S polymorphisms. 31 Results from a study of Borrello M. (2011) demonstrated that, although RET-G691S is not oncogenic, it enhances the transforming activity of the RET-K666E mutant, hence suggesting a modifier role for this functional polymorphism. 32 Because the transition from C-cell hyperplasia to node-negative and ultimately node-positive MTC takes time, the aforementioned histopathological phases are separated by time intervals. 10, 11 The time lag between malignant transformation and tumor cell spread represents a "window of opportunity" for surgical intervention before the tumor extends beyond the confines of the thyroid gland rendering it harder to cure. For carriers of RET mutations in codon 634, this time interval has been estimated to be around 6.6 years based on the mean age difference between patients with node-negative (10.2 years) and patients with node-positive thyroid cancer (17.1 years). 10 Effective clinical interventions after appropriate genetic counseling are available for prevention through prophylactic thyroidectomy, and, if needed, adrenalectomy and parathyroidectomy. 33 In conclusion, our study showed the presence of the Cys634Tyr mutation and Gly691Ser polymorphism in three Iranian families. Five asymptotic cases with the Cys634Tyr were unaware of their condition and were referred for prophylactic thyroidectomy.
